Using the differential theory of light diffraction by finite cylindrical objects, we study light transmission through a small circular aperture in a metallic screen with concentric corrugation around the nanohole. Poynting vector maps in the region below the screen show that the field enhancement compared with an unstructured aperture is obtained with corrugation lying on the entrance face of the screen. Corrugation on the exit face leads to a more directional radiation close to the normal to the screen. The spectral dependence of the transmission shows a sharp maximum linked with surface plasmon excitation.
Introduction
After the discovery by Ebbesen et al. 1 of extraordinary transmission of light through subwavelength hole arrays, a great theoretical effort has arisen to model light diffraction by, first, periodic slits [2] [3] [4] [5] [6] [7] [8] and, second, periodic hole arrays. 9 -14 In both cases, the periodicity allows the electromagnetic field to be expanded on a Fourier basis and thus reduces the problem to diffraction by a one-or two-dimensional diffraction grating. 15, 16 Such an analysis cannot be applied to a single aperture, a fact that turns out to be of great interest in various domains of science and technology, such as biology and near-field microscopy. Several recent experimental publications were devoted to transmission through single-subwavelength apertures, 17, 18 including metal-coated tapered fibers. 19 The experimental results have been interpreted by the classic finitedifference time-domain method 17 or by improvement of the method through a local grid refinement. 20 In the meantime, more-specialized theoretical approaches have been developed, [21] [22] [23] [24] which use 21 the multipole technique, 25 Green functions, 22 artificial periodicity, 23 or a Hertz vector formalism. 24 These rigorous approaches are able to account for the observed phenomena at single apertures and to be used to study the validity and limits of physical approximations such as the Kirchhoff approximation. However, these theories have difficulty in modeling an isolated aperture surrounded by concentric structures on the film's surface. Such structured apertures could be of great importance in coupling incident light into a surface plasmon and thus enhancing the local field in the apertures. It has been suggested, however, 26 that these apertures be used to tighten the light radiated by the aperture. This procedure would be necessary to improve measurement efficiency, because from scalar diffraction theory it can be concluded that unstructured subwavelength holes will diffract light in a cone with an angular aperture exceeding 1 rad.
Taking advantage of our experience with grating theories, 16 we recently developed a differential theory of light diffraction by finite-length cylindrical objects. 27 It represents the electromagnetic field on a Bessel-Fourier basis and reduces the problem to numerical integration of a first-order differential set. This theory has already proved useful in fiber modeling 28 and in the study and optimization of plasmon resonances 29, 30 on single or structured apertures. Our aim in this paper is to study the influence of concentric structures on the beam shaping and the intensity of the transmission of light through subwavelength apertures. Figure 1 represents a plane metallic screen pierced by a cylindrical hole of radius R 1 , together with the notation used and the Cartesian (x, y, z) and cylin-drical ͑r, , z͒ coordinate systems. The z axis coincides with the aperture axis, the origin is at the bottom, and the polar angle is .
Description of the Problem
The system is illuminated from above at normal incidence with linear polarization along the x axis by a wave with wavelength . The aperture may be surrounded by rectangular-grooved circular concentric corrugation, which can be made on the upper (entrance) or lower (exit) side or on both. In the research described as follows, the screen is made from silver with total thickness t ϭ 400 nm, hole radius R 1 ϭ 50 nm, and a wavelength kept equal to 500 nm, except for Fig. 10 below.
As was discussed in detail in Refs. 29 and 30, a single aperture leads to excitation of a surface plasmon propagating along a plane metallic surface away from the aperture edges. Because of the symmetry of the geometry, two plasmons are excited simultaneously on the lower and the upper screen surfaces. Provided that the layer's thickness is sufficient, the coupling between the two plasmons through the layer is quite weak and can be neglected. At wavelength ϭ 500 nm and a complex optical index of silver equal to 0.5 ϩ i2.87, propagation constant k p of the plasmon is k p ϭ 1.068͑2͒͞. In cylindrical coordinates, the plasmon that exits near the origin propagates in accordance with its dependence on a Hankel function. 30 -34 In particular, the z component of the electric field, which is absent in the incident field under normal illumination, is proportional to H 1 ϩ ͑k p r͒ cos͑͒ if the incident field is polarized in the x direction. 30 This fact is illustrated in Fig.  2 , which shows the dependence of |E z |on r at the top and bottom surfaces along the x axis, compared with that of a suitably normalized Hankel function. The plasmon field going away from the aperture is slowly decreasing as 1͞ͱr.
The perturbation approach to plasmon excitation by single or corrugated apertures developed in Ref. 30 enables corrugation geometry to be optimized to more efficiently excite the plasmon on the entry surface and thus on the exit surface. The groove's position and width are defined from the values of R j [ Fig. 1(b) ].
The optimized values for ϭ 500 nm, as calculated in Ref. 30 , are listed in Table 1 . In what follows, we use two numbers of grooves: two ͑ j ϭ 2-5͒ and four ͑ j ϭ 2-9͒ grooves.
Influence of the Corrugation on the Diffraction Pattern
Using the differential theory 27 as a tool, we ob- The z component of P → is of special interest because its flux determines the transmission factor in measurements with a detector surface perpendicular to the z axis. To simplify the representations of the threedimensional distributions, in what follows we present the mean value of P z over , defined as
When this quantity is integrated from 0 to r 0 , it will give the power flux measured by a detector with a radius equal to r 0 and centered in front of the aperture. Figure 3 shows r-z maps of 2P z,mean below apertures structured with zero, two, and four grooves [ Figs.  3(a), 3(b), and 3(c) , respectively] positioned symmetrically on both the exit and the entrance sides of the film and with groove depth h ϭ 40 nm, for which the effect is optimal, as we show in Section 4 below. The groove structure increases P z,mean and, as a consequence, the transmission, by a factor that reaches ϳ100. In addition, it increases the directivity.
As a consequence the diffracted field decreases less rapidly in the z direction, as one can observe from Fig. 4 , in which the values of P z,mean are given along the negative z axis, normalized at z ϭ 0. The presence of two or four grooves has the same influence but, as shown in Fig. 3(c) , four grooves lead to stronger enhancement. The weaker decrease in the z direction is linked to a decrease in the transmitted beam's width, as can be observed from Fig. 1(b) 3 . Maps of 2P z,mean as a function of r and z for an aperture with R 1 ϭ 50 nm with two-sided corrugation, as shown in the lowest part of Fig. 1(a) , and including (a) no grooves, (b) two grooves, and (c) four grooves. Silver layer with optical index equal to 0.5 ϩ i2.87; total layer thickness, t ϭ 400 nm; groove depth, h ϭ 40 nm; wavelength, ϭ 500 nm.
the narrowing of the diffracted beam does not violate the law of diffraction of physical optics. Indeed, this narrower beam is radiated from the entire corrugated area, which is much larger than the single hole. The last remark is now confirmed, as we determine the influence of the corrugation on the entrance and on the exit metal surfaces, considered separately. Figure 6 shows the same results as in Fig. 3(c) , but here the four-groove corrugation is put on the exit (lower) side only, as drawn in the middle part of Fig. 1(a) . The same beam shaping is observed as for two-sided corrugation [ Fig. 3(c) ], but the field magnitude is not enhanced compared with that of a bare hole [ Fig. 3(a) ]. The explanation for this fact is that the field radiates from a larger surface than the bare hole, but the entrance surface is not changed, and thus the magnitude of both is almost the same. The entrance (upper) face corrugation, however, is supposed to gather (concentrate) the incident field better and thus to increase the field's magnitude, as is clearly visible from Fig. 7 , which represents the map of 2P z,mean for the four-groove system drawn in the upper part of Fig. 1(a) . Here the field's magnitude compared with that of Fig. 3(a) is increased by a factor of almost 20, and no beam tightening is seen because the emitting surface is limited by the hole itself.
These conclusions are consistent with the results obtained in the microwave spectral domain, 35 where the screen is considered perfectly conducting.
Dependence of the Transmission on Groove-Depth and Wavelength
From our experience with gratings, we know that the field enhancement that is due to plasmon excitation in metallic gratings is characterized by the existence of an optimal groove depth that leads to the strongest plasmon excitation. 36, 37 This groove depth is typically of the order of one tenth of the Fig. 4 . Decrease of 2P z,mean along the negative part of the z axis for the device with two-sided corrugation as described in Fig. 3 . Fig. 5 . Decrease of 2P z,mean as a function of r, calculated at z ϭ Ϫ1 m, for the device with two-sided corrugation as described in Fig. 3 . Fig. 6 . Map of 2P z,mean as a function of r and z for a four-groove corrugation made on the exit face only, as shown in the middle part of Fig. 1(a) . The optogeometrical parameters are the same as in Fig. 3 . Fig. 7 . Map of 2P z,mean as a function of r and z for a four-groove corrugation made on the entrance face only, as shown in the top part of Fig. 1(a) . The optogeometrical parameters are the same as in Fig. 3. grating period or of the wavelength or both. Deeper grooves perturb the plasmon propagation and even can completely stop it as a result of strong radiation. A similar phenomenon can be expected for the case studied here. Indeed, one can observe such behavior from Fig. 8 . We investigated the influence of the double-faced corrugation [ Fig. 1(a) , bottom] that had four grooves on each side when groove depth h was varied but the total film thickness remained unchanged. The figure presents the total flux ⌽ z ϭ ͵ 0 2 d ͵ 0 5 m P z rdr of the Poynting vector through a surface that has a 5 m radius and is perpendicular to the z axis. Whatever the position of the surface below the screen, the dependence on groove depth shows a maximum for h Ϸ 40 nm, i.e., close to ͞10, which was the reason for our choosing this value in Section 3.
However, when h grows further, above 100 nm, a second region of flux increase is observed. One can understand this by taking into account the fact that the total screen thickness is kept constant. Thus for h Ͼ 100 nm the residual screen thickness between the groove bottoms becomes less than 200 nm. Then a nonnegligible amount of incident light ( ϭ 500 nm) is transmitted through the silver film, which adds to the transmittance through the aperture. This reasoning is illustrated in Fig. 9 , in which the transmission factor of this two-sided corrugated aperture is compared with the transmission through a plane layer and a single aperture with a radius of 50 nm. The transmission factor is defined as the ratio between the flux of the Pointing vector through some surface situated below the aperture and parallel to the layer's surface and the flux of the Poynting vector of the incident wave across an identical surface situated above the aperture. We have chosen for this surface to be represented by a circle with a radius of 5 m and centered on the z axis. The abscissa is equal to the residual layer's thickness, t Ϫ 2h, as measured at the groove bottom, for the corrugated system and to the total layer thickness for the plane layer or for the single aperture. As is now well known, when the layer is sufficiently thick, the aperture transmission can significantly exceed the transmission through the unpierced layer. Below a thickness t ϭ 200 nm, the effect of the aperture is not so prominent, as the direct tunneling through the layer becomes nonnegligible. Because of this enhanced tunneling at small Fig. 10 . Spectral dependence of the enhancement factor of the transmittivity for two-sided, four-groove corrugation, sketched in the lowest part of Fig. 1(a) and with groove depth h ϭ 40 nm; total layer thickness, t ϭ 400 nm; aperture radius, 50 nm; and groove walls situated according to Table 1 . Table 1 ; total thickness, t ϭ 400 nm; aperture radius, 50 nm. thicknesses, the effect of the optimized corrugation is more significant for thicker layers.
The resonant nature of the enhancement of the field is clearly visible in the spectral dependence of the effect. Figure 10 shows the variation of the enhancement factor when the wavelength is varied for a two-sided fourgroove corrugation with h ϭ 40 nm. The enhancement factor is defined as the ratio of P z,mean with the corrugation to P z,mean without grooves calculated on the z axis ͑r ϭ 0͒ at a distance of 5 m below the screen. A strong maximum with a value greater than 70 is found at ϭ 485 nm. This value is quite close to 500 nm, the wavelength for which the position and the width of the grooves have been optimized to resonantly excite the plasmon surface wave.
Conclusions
This numerical study of diffraction of light by a subwavelength aperture in a metallic screen surrounded by concentric surface corrugation shows that entranceface corrugation can enhance the field transmittance by the aperture, while corrugation on the exit surface can decrease the radiated beam's divergence. By using only a few shallow grooves we achieved an enhancement factor of 70, compared with a bare unstructured aperture. 38 
